Abstract The fluorescent dye 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein (BCECF) was used to measure pHi in the spontaneously hypertensive rat (SHR) and in normal rat cardiac myocytes under nominally HCO3-free (20 mmol/L HEPES-buffered) conditions. When only the Na-H exchanger was blocked, the intrinsic buffering power (,8i) in SHR myocytes was significantly higher than when both the Na-H exchanger and 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS)-sensitive pHi regulators (the Na-HCO3 cotransporter and the Cl-HCO3 exchanger) were blocked. Similar low values for A3, were also found for normal rat myocytes in Na+-free conditions. In Cl--free solution under nominally HCO3-free conditions, in both normal and SHR myocytes, the pHi slowly alkalinized (by 0 Finally, we have shown, in normal cardiac myocytes, that two potent Na-H exchanger blockers, N-5 -ethylisopropyl amiloride (EIPA) and N-5-methyl-N-isobutyl amiloride (MIA), only partially inhibited the pHi recovery from internal acidosis under nominally bicarbonate-free conditions. When DIDS was added at the same time as EIPA, pHi recovery from an internal acid loading was completely inhibited. Our results clearly demonstrate that in both normal and SHR cardiac myocytes, bicarbonate-dependent pHi regulators can be significantly activated under resting or acidified pHi in HEPESbuffered medium, probably because of the cellular production of CO2. The contribution of these bicarbonate-dependent pH, regulators, ie, the Na-HCO3 cotransporter and the Cl-HCO3 exchanger, cannot therefore be ignored even under nominally HCO3-free conditions. (Circ Res. 1994;75:123-132.) 
It has been suggested that the level of CO2 in nominally HCO3-free solutions may be as high as 0.1% (z450 ,umol/L HCO3), if one includes CO2 dissolved from the air and that produced by cellular metabolism.2,3 However, under the nominally bicarbonate-free conditions found in most tissues, the Na-H exchanger is generally considered the main pHi regulator, with little consideration being paid to the bicarbonate-dependent pHi regulators (ie, the Na-HCO3 cotransporter and the Cl-HCO3 exchanger). [4] [5] [6] [7] [8] [9] The Cl-HCO3 exchanger is an electroneutral transporter that is activated at alkaline pH in cardiac muscle'0 and is inhibited by the disulfonic acid stilbene derivative 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) in a variety of excitable cells. [10] [11] [12] [13] [14] In cardiac and smooth muscle cells, internal alkalinization can be induced by the reverse mode of the exchanger (ie, intracellular Clexchange for extracellular HCO3 ions) in Cl--free solution, and both the slow alkalinization of pHi in Cl--free solution and the rapid reacidification on restoration of external Cl-ions are substantially inhibited by DIDS,10' [1] [2] [3] [4] [5] [6] [7] demonstrating that the Cl-HCO3 exchanger can operate reversibly across the membrane. Furthermore, in HCO3-buffered media, the slow reacidification from internal alkalosis by NH4Cl perfusion occurs mainly via activation of the Cl-HCO3 exchanger.15"8 Recently, in rat ventricular myocytes, this exchanger has also been shown to be activated (ie, acidified pHi, 0.35 pH unit) by external ATP via stimulation of the P2 receptor.'
In a bicarbonate-buffered solution, it has been shown that another acid extruder, the Na-HCO3 cotransporter, which works together with the Na-H exchanger in heart muscle, can also be blocked by a high dose of DIDS (-0.5 mmol/L).8 '9 Recently, adrenaline and ATP were demonstrated to inhibit Na-HCO3 cotransport in guinea pig ventricular myocytes by as much as -70% and ::92%, respectively, in CO2/HCO3 buffer. 19 Moreover, carbonic anhydrase activity has been demonstrated in heart muscle cells9 and in carotid body cells.20 Carbonic anhydrase is known to be important in determining the kinetics of pHi changes in a COJ/HCO3 buffer, since the enzyme is a catalyzer of CO2 hydration into H' and HCO3-ions. The spontaneously hypertensive rat (SHR) is a model often used for the investigation of the cellular mechanisms involved in essential hypertension. Some reports have suggested that an inhibition of the Na-K pump21 -23 or activation of the Na-H exchanger24-27 results in a rise in [Na+] i, causing a rise in cellular Ca 2+ ions. The activity of the Na-H exchanger in the hypertensive heart model, however, has not yet been adequately studied. In the present study, we were surprised to find, in both SHR and normal rat cardiac myocytes, that the Na-H exchanger is not the only pHi regulator activated in a HEPES-buffered medium but that both the Cl-HCO3 exchanger and the Na-HCO3 cotransporter are also activated during pHi disturbances under nominally bicarbonate-free conditions. More important, we also found that the intrinsic buffering power (,B;) is overestimated28,29 if HEPES-buffered solution is used without blocking the potential activation of these HCO3-dependent membrane transporters. Possible explanations are discussed. 1600 Fig 1) , and pK is the dissociation constant of the dye, taken as 68 nmol/L (pH 7.14; see Fig 1) . By pH, recording from a single cell superfused with a nigericin calibration solution of pH 7.5, it was found that the addition of 0.5 mmol/L DIDS or of 1.5 mmol/L amiloride did not change the fluorescence ratio (data not shown).
In this work, we used standard ammonium prepulsing (10 to 20 mmol/L NH4Cl) in HEPES-buffered solution to decrease pHi. In brief, the NH3 rapidly diffuses into the cell, where most of it combines with H' ions, resulting in a rise in pHi. This is followed by a slower passive entry of NHI4 (eg, via K+ channels) and slow "reacidification" (see Fig 3A) of the pHi. (dpHi/dt) was determined from the calibrated pH, scale (Fig 1) by measurement of the changes of pH, at set time intervals (usually 0.5 to 120 seconds).
Statistics
All data are expressed as the mean + SEM of n preparations. Statistical comparisons were made using either a paired t test or Student's t test, as appropriate.
Results
In general, normal rat and SHR cardiac myocytes have similar basic properties of pH regulation, allowing the generalization of results from one cell type to be applied to the other. However, since our initial results with SHR myocytes were so unexpected, we have confirmed them in normal rat cardiac myocytes (see below). The advantage of this method is that it permits many estimates of A, to be made in a single preparation over a wide range of pHi.5'36 Because f3i is the "intracellular" buffering power, it is essential to inhibit all membrane pHi regulators (eg, the Na-H exchanger) and the leakage pathways for NH4' ions (eg, K (Fig 3A) . After (Fig 3B and 3C (Fig 5A, open triangles) than that found using amiloride alone (Fig SA, closed triangles) ; ie, at pHi<6.7, f,i is overestimated when only the Na-H exchanger is blocked. The empirical equation for this method is as follows: (2) Ai= -24.6 pH +191.8 by linear regression analysis (correlation coefficient, 0.99).
To completely block both the Na-H exchanger and the Na-HCO3 cotransporter, a Na+-free solution (NaCl was isosmotically substituted with NMDG) was used to repeat the experiment shown in Fig 2. The pooled results are shown in Fig SB (closed squares) Fig 6A) ; this alkalinization is blocked by 0.1 mmol/L DIDS (n=6, Fig 6B) . Fig 6A also shows that the pH, reacidifies after readdition of extracellular Cl-ions.
To rigorously exclude the possibility of any contribution of atmospheric CO2 to the above results, a simple experiment was repeated using Cl--free solution that had been passed through a Ba(OH)2 column to remove residual C02, vigorously gassed with 100% 02, and perfused through the covered cell bath via metal tubes to exclude atmospheric CO2. As shown in Fig 6C, Cl-HCO3 exchanger can be activated by alkaline stimulation in rats. We then investigated whether the activation of the Cl-HCO3 exchanger required the presence of external Na' ions. In Fig 7A, the first arrow shows a small alkalinization induced by Cl--free solution under Na+-free conditions, whose gradient is similar to that in a Na+-containing solution (second arrow), indicating that a Na+-independent Cl-HCO3 exchange can be induced in HEPES-buffered solution (n= 4). Fig 7B (n=6) shows that the pHi during acidosis in SHR myocytes is regulated by an extracellular Na+-dependent mechanism and not by a reverse mode of the Cl-HCO3 exchanger (see "Discussion").
ATP Affects Bicarbonate-Dependent pHi Regulation in Nominally HCO3-Free Solution
Because it has been shown that ATP induces a 0.35-pH unit acidification of rat cardiomyocytes by activation of a Cl-HCO3 exchanger in a bicarbonatebuffered solution,' the effect of external application of ATP on bicarbonate-dependent pH1 regulation in the nominal abscence of C02/HCO3 was tested.
In Normal Rat Myocytes
In HEPES-buffered solution, ATP (100 ,umol/L) acidified the cells by 0. 21±0.03 (n=8, Fig 8A) . This effect could be completely blocked by 0.1 mmol/L DIDS (n=3, data not shown).
In SHR Rat Myocytes
As shown in Fig 8B, 100 gmol/L ATP also reduced the mean pHi in SHR rats by 0.33+±0.03 pH unit (n=5); this effect could not be blocked by Na+-free solution (Fig 8C, n=6) . This indicates that ATP does not act via inhibition of Na-HCO3 cotransport and confirms that ATP activates the Na+-independent Cl-HCO3 exchanger.' As in normal myocytes, the effect of ATP on pH, was completely abolished by 0.1 mmol/L DIDS (n=5, Fig 8D) .
In summary of the results, we have shown, both in the normal and in the SHR rat cardiac myocyte, that the CI-HCO3 exchanger and the Na-HCO3 cotransporter are both significantly activated under nominally bicarbonatefree conditions. These results were presumably not due to a lack of buffering capacity of our bathing solutions, since the HEPES concentration was 20 mmol/L in all test solutions (see "Materials and Methods").
Discussion
In two other laboratories, it has been demonstrated, in HEPES-buffered solution, that the ,B; at pH1 7.0 of rat ventricular myocytes is 90 mmol/L28 when no pHi transporter is blocked and 50 mmol/L when the Na-H exchange is blocked by 10 ,umol/L EIPA. (Fig 7B) on intracellular acidosis in Na+-free solution. However, by using Na+-selective microelectrodes, we found that the intracellular sodium activity fell to < 1.0 mmol/L within 5 minutes in dog cardiac Purkinje fibers,39 indicating that the possible contribution of the reversal of Na-Ca exchange on pHi can be ignored after >5 minutes in Na+-free solutions. Therefore, it is unlikely that the lack of pHi recovery (see Fig 7B) in Na+-free solution is due to a secondary effect on the reversal mode of Na-Ca exchange.
Taken together, these results clearly show that in both normal and SHR rat cardiac myocytes, significant DIDSsensitive pH1 regulation exists in nominally bicarbonatefree solution, probably resulting from a production of intracellular CO2 (Fig 6C) . These results also suggest that the Km values for both Na-HCO3 cotransporter and Cl-HCO3 exchanger could be extremely low in both normal and SHR cardiac myocytes; thus, even trace amounts of [HCO3-] would stimulate these transporters.
One cannot ignore the significance of HCO3--dependent pHi transporters in nominally bicarbonate-free solution for the following reasons: (1) In hypertensive subjects, some studies have shown that the activity of the Na-H exchanger is increased in lymphocytes, in vascular smooth muscle, in renal brush border membranes, and in red blood cells,24-27 whereas others have found no increase in the activity of the antiporter.4142 These conflicting results are possibly due to differing degrees of activation of the pH, regulators (ie, Na-H exchanger, Na-HCO3 cotransporter, or Cl-HCO3 exchanger) in the nominally CO2-free solution. (2) In kinetic studies of the Na-H exchanger, it is even more dangerous to assume that all the acid-equivalent fluxes or Na+ fluxes in HEPES solution are due to the Na-H exchanger; it is necessary to assess the contribution of other Na+-dependent acid extruders (ie, the Na-HCO3 cotransporter), as in dog kidney cells and in renal microvillus membranes, in which symport has been demonstrated. [43] [44] [45] Furthermore, erroneously high values of /3i, due to insufficient blocking of pHi regulators, may effect the quantification of acid-equivalent fluxes. (3) For a long time, it has been assumed that the pH, recovery from an internal acid load was entirely due to activation of the Na-H exchanger. We have demonstrated, at least in rat cardiac myocytes, that an inhibitory or stimulatory response to an agonist in HEPES-buffered solution does not necessarily mean that the agonist inhibits or stimulates the Na-H exchanger7; instead, it may act on Na-HCO3 symport. Therefore, one should carefully examine any contribution of Na-HCO3 symport to the values of /Pi and H' (or Na+) fluxes in HEPES-buffered solution, because this may alter the interpretation of the data.
In summary, we have clearly demonstrated, in both normal and SHR rat cardiac myocytes, that in HEPESbuffered solution, two major HCO3-dependent regulators are activated under resting or acidified conditions by the presence of a small amount of HCO3-ions, which is probably produced by cellular metabolism. Therefore, we conclude that at least in these cells, there are HCO3-sensitive pHi regulators that show considerable activity in nominally C02-free HEPES-buffered solution. The possible contribution of bicarbonate-dependent pH, regulation induced by the presence of trace amounts of HCO3-in nominally bicarbonate-free conditions should be seriously considered, both in this and in other systems.
